Abstract-We examined the hypothesis that adipocyte dysfunction in mice fed a high-fat (HF) diet can be prevented by lentiviral-mediated and adipocyte specific-targeting delivery of the human heme oxygenase-1 (aP2-HO-1). A bolus intracardial injection of aP2-HO-1 resulted in expression of human HO-1 for up to 9.5 months. Transduction of aP2-HO-1 increased human HO-1 expression in fat tissues without affecting murine HO-1. In mice fed a HF diet, aP2-HO-1 transduction attenuated the increases in body weight, blood glucose, blood pressure, and inflammatory cytokines, as well as the content of both visceral and subcutaneous fat. Transduction of aP2-HO-1 increased the numbers of adipocytes of small cell size (PϽ0.05), insulin sensitivity (PϽ0.05), adiponectin levels, as well as vascular relaxation to acetylcholine compared with HF mice administered the aP2-green fluorescent protein. Adipocytes of mice fed a HF diet expressed high levels of peroxisome proliferator activator receptor, aP2, C/EBP, and Wnt5b proteins and displayed marked increases in Peg1/Mesoderm specific transcript (PϽ0.03). Transduction of aP2-HO-1 lowered the elevated levels of these proteins and increased Sonic hedgehog, Wnt10b, and ␤-catenin (PϽ0.05). Inhibition of HO activity by administration of tin mesoporphyrin to HF-fed mice transduced with the aP2-HO-1 reversed the decrease in Peg1/Mesoderm-specific transcript, TNF␣, and MCP-1 levels. Collectively, this novel study demonstrates that adipocyte-specific overexpression of HO-1 attenuates HF-mediated adiposity and vascular dysfunction; increases insulin sensitivity; and improves adipocyte function by increasing adiponectin, Shh, and WNT10b, and by decreasing inflammatory cytokines. These effects are reversed by the HO activity inhibitor, stannous mesoporphyrin. O besity is a metabolic disorder and a risk factor commonly associated with endothelial dysfunction and the development of vascular diseases, including hypertension and other cardiovascular complications. Excessive visceral and subcutaneous fat is predictive of vascular disease and associated complications, 1,2 including vascular dysfunction, insulin resistance, and decreased levels of adiponectin.
O besity is a metabolic disorder and a risk factor commonly associated with endothelial dysfunction and the development of vascular diseases, including hypertension and other cardiovascular complications. Excessive visceral and subcutaneous fat is predictive of vascular disease and associated complications, 1,2 including vascular dysfunction, insulin resistance, and decreased levels of adiponectin. 3, 4 Obesity increases oxidative stress and simultaneously decreases expression and activity of key cytoprotective systems, including heme oxygenase (HO) and adiponectin, while increasing inflammatory cytokines and insulin resistance. 3, [5] [6] [7] [8] These consequences of obesity-mediated adipocyte dysfunction may be far-reaching, as changes in adipocyte-derived paracrine factors, including adipokines and cytokines, may impact the function of other organs, and, in particular, the vasculature. Obesity is associated with vascular dysfunction, which is a prelude to vascular disease and hypertension. 5, 9, 10 Fat-tissue-derived adipocytes express several regulatory proteins, such as Wnts and ␤-catenin, as well as Sonic hedgehog (Shh), which potentially works upstream of these known differentiation factors to induce osteogenesis in mesenchymal stem cells (MSCs). 11 Hedgehog signaling exerts its pleiotropic effects through regulation of the cell cycle, 12 direction of cell differentiation, 13 and alteration of cell survival. 14 Increased Shh signaling promotes osteogenesis in various bone-forming cells in vitro. 12, 15, 16 Conversely, Shh signaling represses adipogenic differentiation in preadipocytes. 17, 18 Wnts, ␤-catenin, and Shh are essential to regu-late the conversion of preadipocytes to adipocytes. 19, 20 Wnt10b expression is increased in preadipocytes and blocks adipocyte differentiation. 20, 21 Increases in Wnt/␤-catenin inhibit adipogenic transcription factors and peroxisome proliferator activator receptor (PPAR␥), and represses adipogenesis. 19, [22] [23] [24] Conversely, paternally expressed gene 1 (Peg1)/ Mesoderm specific transcript (Mest), 25 when upregulated, results in adipocyte enlargement during adipose tissue expansion 26 that is associated with increased release of IL-1 and enhanced insulin resistance. 3, 5, 27, 28 Given that HO-1 gene therapy brings about extended and uninterrupted vascular protection, the present study examined the effect of HO-1 overexpression at the onset of adipocyte insult following high-fat (HF) intake in mice. Induction of HO-1 gene expression is associated with increased preadipocytes, a reduction in the number of enlarged adipocytes, increased adiponectin levels, and small adipocytes, 3, 28, 29 which are regarded as healthy insulinsensitive adipocytes, ie, expansion of adipocytes. 27, 30 In contrast, suppression of HO-1 expression results in increased insulin resistance and adiposity in rodents. 3, 31 Although obesity is associated with oxidative stress and increased reactive oxygen species levels, obesity decreases HO-1 expression. 3, 27, 32, 33 HO-1 and HO-2 are expressed in adipocytes, and the induction of HO-1 decreases adipocyte-mediated O 2 Ϫ formation. 3, 27, 32 The goal of this study was to determine the effect of a stable adipocyte-specific HO-1 gene expression as an interdependent module in preserving adipocyte function in a model of diabetes/obesity, ie, mice fed a HF diet. Herein, we demonstrate that targeted overexpression of HO-1 in adipocytes lasts for about 9 months and is sufficient to reduce adiposity. We also identify new molecular targets of HO-1 that may be involved in reprogramming of adipocyte cells to a new phenotype as evidenced by increases in adiponectin, which is derived solely from adipocytes, and Wnt10b. The latter and its protein signaling is probably the molecular switch that governs adipogenesis. In summary, this is the first study to demonstrate that HO-1 gene targeting adipocytes decreases glucose levels and increases insulin sensitivity. These actions are reversed by the HO activity inhibitor, stannous mesoporphyrin (SnMP).
Materials and Methods
A detailed description of experimental protocols, methods, and materials is included in the Online Supplement.
Results

Adipocyte-Specific Transduction
The lentiviral construct aP2-HO-1, in which the expression of the human HO-1 is driven by the adipocyte-specific promoter aP2, is described in Supplemental Figure S1A . Cell-specific transduction was determined using cultured human microvascular endothelial cells, vascular smooth muscle cells, and adipocytes isolated from mice. After transduction with either aP2-HO-1 or aP2-green fluorescent protein (GFP), the expression of human HO-1 or GFP was only detected in adipocytes; no signals for these proteins were detected in human microvascular endothelial cells and vascular smooth muscle cells (Supplemental Figure S1B) . The expression of HO-1 persisted for 3 days, the duration of the culture protocol. Transduction of aP2-HO-1 in adipocytes was asso- ciated with a 3-fold increase in HO activity when compared with adipocyte transfected with aP2-GFP (Supplemental Figure S1C) . Immunohistochemistry of fat tissue adipocytes isolated from aP2-GFP-and aP2-HO-1-treated rats fed a HF diet showed expression of GFP and human HO-1, respectively (Supplemental Figure S2A through S2D); this demonstrates the cell-specific targeting of the viral vectors. The levels of the endogenous HO-1 were decreased by HF diet (Supplemental Figure S2F) , a phenomenon that has been previously shown and has been attributed to prolonged oxidative stress that suppresses HO-1 expression. Interestingly, overexpression of HO-1 by aP2-HO-1 prevented the decrease in endogenous HO-1, suggesting that such an overexpression provides antioxidative and cytoprotective properties that maintain the levels and/or prevent the suppression of the endogenous HO-1 (Supplemental Figure S2E and S2F). SnMP has been shown to activate transcriptionally the HO-1 gene while inhibiting HO activity. 34 Given that transduced human HO-1 is under the control of a different promoter, this effect of SnMP is not displayed for the human HO-1 protein.
Effect of Adipocyte-Specific Human HO-1 Expression on Body Weight, Fat Content, and Inflammatory Cytokines
As seen in Figure 1A , body weight of aP2-GFP-HF mice increased by 61% over a period of 18 weeks when compared with mice on a normal diet (from 29.4Ϯ2.5 g to 52.0Ϯ1.0 g). The mice transduced with aP2-HO-1 on 18 weeks of a HF diet showed a reduction in body weight compared with aP2-GFP-HF mice (PϽ0.05). The reduction in weight gain in aP2-HO-1-HF mice was reversed by coadministration of SnMP, increasing the body weight to levels similar to those of aP2-GFP-HF mice. There were no significant changes in food intake among the groups.
The reduction in weight gain by aP2-HO-1 was also manifested by significant decreases in visceral and subcutaneous fat content in obese mice ( Figure 1B ous fat in aP2-HO-1-HF mice, which amounted to 55% and 60%, respectively, compared with aP2-GFP-HF mice, was attenuated and reversed by administration of the HO inhibitor SnMP ( Figure 1B and 1C).
To study the effect of HF diet on systemic inflammation, measurement of inflammatory cytokines, including TNF␣ ( Figure 1D ) and MCP-1 ( Figure 1E ), was performed. Transduction with aP2-HO-1 in mice fed a HF diet resulted in lowered (PϽ0.05) levels of these cytokines when compared with those in aP2-GFP-HF mice. Administration of SnMP reversed the positive effect of aP2-HO-1 transduction, suggesting that increased adipocyte HO-1 expression and activity has an anti-inflammatory effect on mice fed a HF diet.
Effect of Adipocyte HO-1 Gene Targeting on Adipocyte Size, Plasma Adiponectin, and Insulin Sensitivity
Histological examination of visceral fat revealed that adipocyte cell size significantly decreased in tissues obtained from aP2-HO-1-HF mice ( Figure 2A ). Adipocyte cell size in the visceral fat of mice fed a normal diet was significantly lower compared with that in aP2-GFP-HF mice ( Figure 2A ). In addition, aP2-HO-1-HF mice showed a significant reduction in adipocyte cell size, an indicator of healthy adipocytes, compared with mice receiving aP2-GFP and on a HF diet. Moreover, aP2-HO-1-transduced mice on a HF diet showed a significant increase in adiponectin levels (PϽ0.01) compared with aP2-GFP-HF mice, and this effect was reversed by administration of the HO activity inhibitor SnMP ( Figure 2B ). The upregulation of adiponectin levels further suggests that adipokines play an important role in improving insulin sensitivity.
Plasma glucose levels in aP2-HO-1-HF mice significantly decreased compared with aP2-GFP-HF mice, suggesting improved insulin sensitivity in response to aP2-HO-1 transduction ( Figure 2C ). Indeed, insulin administration to aP2-HO-1-HF mice resulted in a rapid decrease in glucose, but not in aP2-GFP-transduced mice fed a HF diet ( Figure 2D ). Importantly, administration of SnMP reversed the glucosereducing effect of aP2-HO-1, indicating that this effect is mediated by increased HO activity ( Figure 2C and 2D) .
Effect of Adipocyte HO-1 Gene Targeting on Vascular Parameters
We studied the vascular parameters, including blood pressure and acetylcholine-induced relaxation, in mice fed a HF diet. Blood pressure was increased over the 18-week period of HF diet in mice ( Figure 3A) . Systolic blood pressure was 90Ϯ3 mm Hg in control mice and significantly increased in mice transduced with aP2-GFP on a HF diet, to 135Ϯ3 mm Hg (PϽ0.01). This elevation in systolic pressure was not observed in aP2-HO-1-transduced mice on a HF diet; SnMP negated this antihypertensive effect ( Figure 3A) . Vascular function, measured as the relaxation in response to acetylcholine, was impaired in mice transduced with aP2-GFP and fed a HF diet. As seen in Figure 3B , at 10 Ϫ3 M acetylcholine, the percent of relaxation was 81.17%Ϯ3.05% in aP2-GFP-HF mice (PϽ0.05) versus 93.41%Ϯ2.08% in control animals. The aP2-HO-1-HF mice restored maximal relaxation to acetylcholine to levels no different from those recorded in mice fed a normal diet. Relaxation to 10 Ϫ3 M acetylcholine increased (PϽ0.05) by aP2-HO-1 transduction from 81.17%Ϯ3.05% to 92.15%Ϯ3.41% in mice on a HF diet, and this effect was reversed by SnMP (maximal dilation, 82.55%Ϯ2.65% versus aP2-GFP-HF; PϽ0.05; Figure 3B ).
Effect of HO-1 Upregulation on Key Signaling Pathways for Adipocyte Differentiation
We examined the levels of PPAR␥, C/EBP␣, adiponectin, and Shh proteins to see if they could account for the decrease in fat content in adipose tissues from mice transduced with the human HO-1 and fed a HF diet. Real time polymerase chain reaction analysis indicated that messenger ribonucleic acid (mRNA) levels of PPAR␥ and C/EBP␣ increased by 5-to 6-fold in adipocytes from mice receiving aP2-GFP and fed a HF diet compared with mice on a normal diet (Supplemental Figure S3A and S3B). These levels decreased in adipocytes from aP2-HO-1-HF mice to levels not different from those in mice fed a normal diet. Administration of SnMP to aP2-HO-1-HF mice reversed the lowering effect of aP2-HO-1 transduction. The changes in mRNA levels correlated with changes in protein levels. As seen in Figure 4A , PPAR␥ and C/EBP␣ protein levels increased in aP2-GFP-HF mice. HO-1 transduction (aP2-HO-1-HF) decreased the levels of both proteins, suggesting impairment in adipocyte differentiation. SnMP increased both PPAR␥ and C/EBP␣ protein levels, bringing these adipocyte markers to levels similar to those seen in animals fed a HF diet ( Figure 4A ). In contrast, adiponectin mRNA (Supplemental Figure S3C ) and protein levels ( Figure 4B ) increased significantly by HO-1 transduction compared with aP2-GFP-HF mice. Similarly, Shh mRNA (Supplemental Figure S3D ) and protein levels ( Figure  4B ) were significantly (PϽ0.05) upregulated by HO-1 transduction when compared with mice receiving aP2-GFP and fed a HF diet. Administration of SnMP to aP2-HO-1-HF mice resulted in a decrease in Shh mRNA (Supplemental Figure S3D ) and protein ( Figure 4B ) expression. These data suggest that a sustained increase in HO-1 expression improves adipocyte function and reduces adiposity through upregulation of adipocyte-protective adiponectin and through activation of a signaling pathway that increases expression of Shh.
Differential Effect of aP2-HO-1 on aP2 and Mest/Peg1 Expression
The effect of aP2-HO-1 transduction on aP2 expression is shown in Figure 5A . The aP2-GFP-HF mice expressed upregulated levels of aP2 compared with mice on a normal diet. A significant decrease of aP2 mRNA (Supplemental Figure  S4A ) and protein ( Figure 5A ) expression in fat-derived adipocytes occurs following transduction of aP2-HO1, suggesting a correlation between aP-2 downregulation and a decrease of adipose tissue. Mest/Peg1, a gene that enlarges adipocytes and is a marker of adipocyte size, was upregulated in mice receiving aP2-GFP and fed a HF diet when compared with mice fed a normal diet ( Figure 5B and Supplemental Figure S4B ). Adipocytes from aP2-HO-1-HF mice displayed a significant decrease in both mRNA and protein levels of Mest/Peg1; this effect was reversed by administration of SnMP, resulting in an increase in Mest/Peg1 mRNA (Supplemental Figure S3D ) and protein ( Figure 5B ) expression. The finding that increased expression of HO-1 decreased the levels of Mest/Peg1 suggests a role for HO-1 in decreasing adipocyte size.
Differential Effect of aP2-HO-1 on Wnt10b, Wnt5b, and ␤-Catenin Expression
Transduction of aP2-HO-1 upregulated the expression of Wnt10b in mice fed a HF diet ( Figure 5C ) compared with aP2-GFP-HF mice and, simultaneously, increased ␤-catenin levels ( Figure 5E ). The increases in levels of Wnt10b and ␤-catenin were negated by treatment of aP2-HO-1-HF mice with SnMP (PϽ0.05; Figure 5C and 5E). Contrary to the above findings, aP2-HO-1 transduction decreased the expression of Wnt5b in mice fed a HF diet compared with aP2-GFP mice fed a HF diet ( Figure 5D ). Additional administration of SnMP to aP2-HO-1-HF mice resulted in an increase in Wnt5b protein expression ( Figure 5D ).
Discussion
This is the first study to demonstrate that targeting adipocytes in mice fed a HF diet with human HO-1 gene decreased adiposity and vascular dysfunction, improved metabolic parameters, and attenuated serum levels of inflammatory cytokines. These beneficial effects are reflected by an increase in Wnt10b, a marker for preadipocytes, and a decrease in Peg1/Mest. In the present article, we demonstrate that adipocyte-specific increase in expression of HO-1 using a lentiviral construct expressing human HO-1 under the control of the aP2 promoter decreased fat content and improved insulin sensitivity and vascular function. Increased HO-1 expression also resulted in decreased levels of PPAR␥, C/EBP␣, and the adipose specific protein aP2. In addition, adiponectin, manufactured only in adipocytes, was increased after adipocyte-specific targeting of the HO-1 gene, resulting in improvement in adipocyte function. The results reported here extend our previous findings that upregulation of HO-1 in adipocytes results in the reprogramming of adipocytes to decrease a negative signaling protein in the regulation of adiposity. In fact, the HO-1 adiponectin system is known to exert beneficial effects on obesity-induced insulin resistance. 32 Previously, we reported the beneficial effects of HO-1 induction on adiponectin levels, inflammatory cytokine levels, and weight gain in rodent models of obesity. 35 Thus, our results confirm that HO-1 induction is capable of reprogramming adipocytes, resulting in the expression of a new phenotype with an improved ability to better insulin sensitivity. This phenomenon is identical to the positive responses of vascular tissue to HO-1 induction already reported. 3, [36] [37] [38] Moreover, other studies suggest that adiponectin acts as a starvation signal whenever adipocyte size is small to upregulate adipose tissue with a resultant accumulation of triglycerides. 39, 40 This is in agreement with the finding of a significant decrease of mRNA and protein expression of Mest/Peg1, a gene that enlarges adipocytes and is considered a marker of adipocyte size. 41 A decrease in Peg1/Mest is beneficial in the control of adiposity, given that upregulation of Peg1/Mest occurs in obese adipose tissue in several models of obesity. Therefore, HO-1 may also control adiposity by its ability to decrease Peg1/Mest. Furthermore, a recent report has described an inverse relationship (switch) between adipocyte and osteoblast expansion by upregulation of HO-1 in MSC differentiation; in fact, increased HO-1 expression stimulated the differentiation of MCSs to osteoblasts while inhibiting adipogenic differentiation. 42 We also examined Shh, which potentially works upstream of these known differentiation factors to induce osteogenesis in MSCs. [11] [12] [13] Increased Hedgehog signaling promotes osteogenesis in various bone-forming cells in vitro. 12, 15, 16 Conversely, Hedgehog signaling represses adipogenic differentiation in preadipocytes. 17, 18 Mice fed a HF diet exhibited a decrease in Shh mRNA and protein expression that was reversed by HO-1 transduction, confirming its role in adipose tissue reduction. Several reports have demonstrated an association between adipogenesis and Wnt signaling, 43 and in the regulation of adult tissue homeostasis and remodeling. 44, 45 Wnt10b, a member of the Wnt family, maintains preadipocytes in an undifferentiated state through inhibition of the adipogenic transcription factors C/EBP and PPAR␥. It has been reported that when Wnt10b signaling in preadipocytes is prevented, these cells differentiate into adipocytes. Wnt10b is highly expressed in preadipocytes and declines rapidly after induction of adipogenic differentiation. 19, 23 Disruption of Wnt10b signaling also causes transdifferentiation of myoblasts into adipocytes in vitro, highlighting the importance of this pathway not only in adipocyte differentiation, but also in mesodermal cell fate determination. 19 Studies suggest that only Wnt10b is able to stabilize free cytosolic ␤-catenin and block adipogenesis when ectopically expressed; it is the molecular node of the canonical Wnt signaling pathway. 46 Although Wnts inhibit adipocyte differentiation through both ␤-catenin-dependent and ␤-cateninindependent mechanisms, current evidence supports the Wnt/␤-catenin pathway as an important regulator of adipocyte differentiation. 47, 48 In the Wnt/␤-catenin signaling pathway, ␤-catenin plays a central role as a transcriptional coactivator. The Wnt/␤-catenin signaling pathway affects cellular functions by regulating ␤-catenin levels and subcellular localization. 46 Conversely, Wnt5b, another component of the Wnt family, stimulates adipogenesis by activating PPAR␥ and inhibiting the ␤-catenin dependent Wnt signaling pathway. 48 Consistent with these findings, we found that Wnt10b and ␤-catenin mRNA and protein expression were downregulated in mice fed a HF diet, and that increased HO-1 expression restored Wnt10b, ␤-catenin, and Shh mRNA and protein expression ( Figure 5 ). Furthermore, we found that Wnt5b was upregulated in HF-fed animals compared with in control animals, and that increased HO-1 expression reduced Wnt5b to levels similar to those found in control animals.
Adipocyte-specific overexpression of HO-1 improved vascular function and lowered blood pressure in mice fed a HF diet. Administration of a HF diet to rodents has been used as a model of obesity-induced diabetes and hypertension. 49, 50 We have previously shown that HO-1 upregulates adiponectin expression and suppression of HO-1 expression, and HO activity decreases adiponectin production in adipocytes. 31, 51 Adiponectin has been shown to exhibit antiatherogenic, antihypertensive, and insulinsensitizing properties, and also has the capacity to attenuate vascular disease. 52 This study provides additional evidence for a link between adipocytes and the vascular system and suggests that this is governed by regulatory interactions between HO-1 and adiponectin at the level of the adipocytes, which was reversed by SnMP HO inhibitors. 53 In conclusion, we have presented novel findings indicating that adipocyte-specific targeted overexpression of HO-1 using a lentivirus construct of the human HO-1 under the control of the aP2 promoter attenuated adiposity, MSC-adipocyte stem cell Targeted overexpression of HO-1 to the adipocyte is sufficient to counteract the detrimental effects of high fat diet on body weight, adiposity, and insulin sensitivity. Within the adipocyte, HO-1 suppresses adipocyte differentiation by decreasing expression of key regulators including PPAR␥, E/CBP␣, Peg1/Mest, and aP2 leading to decreases in lipid accumulation and increases of preadipocytes and healthy adipocytes that produce cytoprotective adipokines, such as adiponectin.
differentiation, and adipogenesis ( Figure 6 ). 
Perspectives
The epidemic of obesity continues unabated in our society with sequelae of type 2 diabetes and the metabolic syndrome, and its severe and consequent vascular diseases that range from early endothelial dysfunction and hypertension to end-stage cardiac, cerebral, and renal disease. This study is the first to demonstrate that targeting adipocytes using HO-1 gene delivery attenuates HF-mediated adiposity, increases adipocyte function, and improves insulin sensitivity and vascular function, including hypertension. The successful targeting of HO-1 expression resulted in reprogramming of adipocytes to a new phenotype as evidenced by a decrease in adipocyte size, an increase in the number of small healthy lipid droplets, and a decrease in PPAR␥, C/EBP␣, and aP2 along with a decrease in Peg1/Mest expression; the decrease in Peg1/Mest expression appears to be primarily responsible for increases in adipocyte differentiation and release of inflammatory cytokines. This novel adipocytespecific targeting of HO-1 expression merits additional exploration to elucidate whether this new and very different approach can have clinical value in combating obesity-related metabolic diseases.
What Is Relevant?
• Obesity is associated with vascular diseases that range from early endothelial dysfunction and hypertension to end-stage cardiac, cerebral, and renal disease.
• A close relationship between adipocyte function and the cardiovascular system, where improvement of adipocyte function by HO-1 overexpression positively impacts vascular function and blood pressure.
• An experimental and conceptual basis for new therapeutic strategies targeting HO-1-adiponectin module to ameliorate vascular dysfunction associated with hypertension and obesity.
Summary
This is the first study showing that adipocyte-specific targeted overexpression of HO-1 under the control of the aP2 promoter attenuated adiposity, MSC-adipocyte stem cell differentiation, and adipogenesis, while increasing adiponectin for vascular protection. Effect of adipocyte-specific transduction of HO-1 on mRNA expression of Wnt10b, Wnt-5b and β-catenin in adipocytes from mice fed a high fat diet. Figure S4 : Real time PCR analysis of (A) Wnt10b, (B) Wnt5b and (C) β-catenin proteins in adipocytes from mice fed a normal diet (control) and mice fed a HF diet and transduced with the control vector lenti-aP2-GFP (aP2-GFP) or lenti-aP2-HO-1 untreated (aP2-HO-1) and treated with SnMP (+SnMP). Results are mean±SE; n=4; *p<0.05 vs. control; ** p<0.05 vs. HF+aP2-GFP; #p<0.05 vs. HF+aP2-HO-1.
